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Abstract 
This thesis described the synthesis, characterization and the biological properties of 
a new set of ten novel amphiphilic dendrons [Gn]-[Lx] 1-10. 
The convergent synthesis ofBoc protected [L2]，[L3] and [L4] poly-L-lysine (PLL) 
dendrons was achieved by traditional protection-deprotection cycles. Through 
incorporation of [Gl], [G2], [G3] and [D2] hydrocarbon dendrons (HCDs)，ten 
bow-tie-like amphiphilic dendrons were obtained. The structures and purities of these 
protected dendrons were characterized by ^H and ^^ C nuclear magnetic resonance 
(NMR) spectroscopies and high resolution mass spectrometry (HRMS). Their Boc 
protecting groups were readily cleaved in acidic medium. The resulting water-soluble 
ammonium salts of 1-10 were examined for their critical micelle concentration (CMC), 
gene transfection efficiency (TE) and cytotoxicity. Results showed that CMC was 
inversely proportional to the HCD generation, but independent of the PLL generation. 
Among the novel amphiphilic dendrons, the ammonium salts of [G2]-[L3], 
[G3HL3], [G3]-[L4] and [D2]-[L4] were found to have comparable TE and 
cytotoxicity to the commercially available transfection reagent Lipofectamine™ 2000. 
The correlation between TE and CMC values was found to be negligible. There was 
also only little correlation between TE and hydrophilic-lipophilic balance. However, 
the correlation between TE and cytotoxicity was generally proven. Hence, these new 
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dd doublet of doublets (spectral) m/z mass-to-charge ratio 
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DIAD diisopropyl azodicarboxylate desorption ionization -
DMAP 4-(dimethylamino)pyridine time of flight 
DMEM Dulbecco's Modified Me methyl 
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PAMAM polyamidoamine Rf retention factor 
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PEI polyethyleneimine TE transfection efficiency 
PLL poly-L-lysine TFA trifluoroacetic acid 
PLLA poly-L-lactide THF tetrahydrofuran 
pph3 triphenylphosphine TLC thin layer chromatography 
PPI polypropyleneimine v/v volume-to-volume ratio 
ppm part(s) per million VDP vector-DNA particle 
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CHAPTER 1 
Amphiphilic Dendrons and Gene Transfection 
1.1 Introduction to Dendrimers and Gene Transfection 
Dendrimer and dendron refer to a class of hyper-branched monodisperse 
macromolecules with symmetrical and layered architectures. A dendrimer (Greek, 
dendra) consists of a core acting as the root from which tree-like branching units 
emanate in an orderly manner (Figure 1-1). Its size and number of terminal functional 
groups are determined by its generation, which is the number of shells of branching 
units. Figure 1-1 depicts a typical [G3] dendrimer and its constituent [G3] dendron. 
When properly designed and functionalized, dendritic molecules are undoubtedly 
helpful candidates for not only chemical or physical, but also biomedical applications. 
In the past few decades, numerous reports demonstrated their utilizations in 
bio-imaging/ drug delivery,2 gene delivery,^ scaffolds for tissue repair, etc. 
O Dendron 
KEY 
C j r K X Q Surface group 
O r x / Q • Branching unit 
O C ^ O O 成 Core 
Dendrimer 
Figure 1-1. Schematic diagram of a dendrimer and a dendron. 
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Dendrimers and dendrons are prepared by either divergent� or convergent^ 
synthesis. In the divergent strategy, a dendrimer grows from a multifunctional core to 
the periphery. The core molecule reacts with a certain number of branch units, followed 
by deprotection and activation of the peripheral groups. The number of reaction sites 
increases exponentially with the number of reaction cycles, i.e. the generation. As a 
result, a large excess of reactants is required for complete reaction in order to produce a 
defect-free dendrimer. 
Divergent Synthesis Convergent Synthesis 
— 出 - p 沙 嫩 
McU p 作— 
pro«luct 
Figure 1-2. Reaction sequences of divergent and convergent syntheses of dendrimer. 
In the convergent strategy, a dendrimer is also built up layer by layer, but it grows 
from the periphery and terminates at the core. In contrary to the divergent method, the 
number of reaction sites remains constant and small (usually 2 or 3, depending on the 
branching unit multiplicity) in all the generation growth cycles. Therefore, only 
stoichiometric quantity rather than large excess of reactants is needed. Generally, there 
are vast structural and property differences between the products and reactants, 
purification is usually undemanding. Therefore, most of the dendritic compounds in the 
literature were prepared through the convergent strategy. 
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Gene transfection is the delivery of therapeutic genetic materials in an attempt to 
treat, cure, and ultimately prevent human genetic diseases (Table 1-1)7 These genetic 
materials are all polynucleotides，including plasmid DNA (pDNA), antisense 
oligonucleotides (AS-ON), small interfering RNA (siRNA), etc. Therapeutic effect is 
only achieved when the drug molecule can reach its intended target, so do these genetic 
materials. For instance, plasmid DNA targets the nucleus, so its activity would depend 
much on how well they can traverse the plasma membrane, cytoplasm and get into the 
nuclear target. 
Table 1-1. Genetic and acquired diseases that are suitable for treatment by gene 
therapy. (Adapted from Ref. 8) 
Genetic Diseases 
Disease Defect Incidence Target 
SCID® Adenosine Deaminase Rare Bone marow/ T cells 
Hemophhilia Clotting Factors Vlll and IX 1/10,000 Liver, muscle 
Cystic fibrosis Loss of CFTR" 1/3,000 Lung 
Familial. Low-density lipoprotein receptor 1/1,000,000 Liver 
hypercholesterolemia 
Acquired Diseases 
Disease Defect Incidence Target 
Cancer Defect in tumor suppressors 1 million/yr Liver, lung, brain, 
& presence of oncogenic factors breast, pancreas 
prostate, kidney 
Parkinson's disease Neurotransmitter release 1 million in US Brain, neurons 
Cardiovascular diseases Defect in blood vessels 13 million in US Arteries, vascular ‘ 
endothelial cells 
Infectious diseases Suppressed immune system Increasing Antigen-presenting 
(HIV), liver destruction (HBV) numbers cells, macrophages, 
T cell, liver 
^Severe combined immunodifficiency; ''cystic fibrosis transmembrane conductance regulator. 
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Plasmid DNA is a double-stranded supercoiled DNA molecule. Plasmids used in 
transfection experiments of mammalian cell has a molecular weight range from 3-15 kb 
n 
(2000-10000 kDa). Antisense oligonucleotides are single-stranded polynucleotides that 
are typically 10-25 nucleotides long (3000-7500 Da). Small interfering RNAs are small 
RNA duplexes and they are slightly larger than AS-ONs. All these polynucleotides have 
certain common similarities: large molecular weight, high hydrophilicity and a net 
negative surface charge. These characteristics prevent them from crossing biological 
membranes effectively. 
Transfection is like a hurdle-race as there are a series of barriers against it. Prior to 
cellular entry, plasmid DNAs have to be packaged into particles first with a suitable 
vector. Requirements for the packaging include protection of plasmid DNA from 
degradation, localization to desired tissue or cell types, low cytotoxicity, good stability 
in the presence of serum protein, low clearance from blood or interstitial space and 
efficient transport through the extracellular matrix to the surface of targeted cells. Then, 
the vector-DNA particles (VDPs) must associate with cells and be internalized into them 
by certain cellular uptake processes. After uptake, the VDPs have to escape from the 
internal vesicles, get into the cytoplasm and release the DNA load. It must finally 
translocate into the nucleus. 
1.2 Overview of Gene Transfection Vectors in the Literature 
Gene transfection vectors generally fall into two groups, viral and non-viral. Both 
of them have their own strengths and weaknesses in the transfection process. A good 
starting point would be to study the most efficient delivery vectors: viruses. 
4 
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1.2.1 Viral vectors 
Viruses have a natural ability to infect host cells and hence that they offer an 
excellent means of introducing foreign DNA sequences into cells for gene therapy.^' 
The binding of a single virus particle to the cell membrane has been shown to be highly 
efficient in infecting the host cell. It is not surprising why more than 70% of current 
clinical trials for gene therapy employ viral vectors. The main recombinant viral vectors 
used for gene delivery are adenovirus, adeno-associated virus (AAVs), retrovirus and 
lentivims. 
Viruses take the advantage of high transfection efficiency (TE), wide range of 
potential cell types, and integration into host genome, etc. Unfortunately, a number of 
disadvantages come together with viral vectors, including limited DNA loading capacity, 
lack of specificity, production and packaging difficulties, toxicity, replication and 
recombination potential, and their higher cost. 
1.2.2 Non-viral vectors 
In gene delivery, vims is a double-edged sword and therefore much attention has 
been drawn to non-viral vectors. Although the injection of naked DNA alone has been 
shown efficient in certain organs, the incorporation of non-viral vectors can be 
beneficial due to numerous advantages. In addition to potential safety benefits, non-viral 
vectors, especially synthetic ones, offer more controllable structural and chemical 
versatility. They also render vector stability upon storage and reconstitution and a larger 
DNA loading capacity when compared to the viral counterparts. Cationic lipids^ ^  
12 3 
cationic polymers and cationic dendrimers all belong to non-viral vectors. 
5 
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1.2.2.1 Cationic Lipids 
Cationic lipid is a positively charged (usually monovalent) amphiphile with a 
hydrophilic head (amine) and a hydrophobic tail (fatty acid derivative) that 
self-associates in aqueous solution to form micelles, bilayer sheets or liposomes. The 
resulting multivalent positively charged particles can interact with the negatively 
charged DNA for transfection. This cationic lipid-DNA complex is also termed lipoplex. 
DOTMA 隱 O 
、 / 1 CI - A I u 
DMR 旧 DC-Chol 
Br" H 
DOPE (helper lipid) ^ 
DOPC (helper lipid) H 
Figure 1-3. Common cationic lipids and helper lipids used for gene transfection. 
DOTMA was the first cationic lipid that demonstrated successful gene expression 
in vitro (Fig. 1-3). Subsequently, researchers have synthesized numerous cationic lipids 
with different head groups, acyl chain lengths and saturation, and head to tail linker. 
Ironically, some of the original cationic lipids, including DOTMA, DOTAP and 
DC-Chol, are still among the better candidates used in vitro and in vivo. The helper 
lipids, like DOPE and DOPC, are formulated with the other cationic lipids in certain 
ratios. Enhanced transfection was observed and it was believed that the helper lipids 
stabilized the bilayer and thus preventing the lipoplex particles from enzymatic 
degradation. 
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1.2.2.2 Cationic Polymers 
Cationic polymers are analogous to cationic lipids. They also bear positive charges 
in aqueous solution due to the presence of amino groups. However, cationic polymers 
possess more and denser amino groups than cationic lipids. Various cationic polymers 
have been explored for gene delivery. They are capable of enhancing cellular uptake of 
DNA and compacting DNA into tiny particles (< lOOnm) owing to their high positive 
charge density. Linear poly-L-lysine (PLL) and polyethyleneimine (PEI) (Figure 1-4) 
are two of the most representative polymeric vectors. 
NHg n H H 
七 h . \ ) 
H, J " O J OH N^H � n Z �NH2 
「 「 Linear polyethyleneimine I J 
一 > (PEI) � r 
NH2 NH2 
H 
I— —I n 
Linear poly-L-lysine (PLL) Branched P曰 
- r r �OH r 1 卜 i [ • 
" ^ ^ i i ^ H O o 每 H � � 每 H � � 今 。 、 、 • ‘ 丫 、 
NHz NH2 Os^  “ L JmL U Jfi 
. \ J n Poly(lactic-cx)-glycolic acid) (PLGA) 
Chitosan 
0 0 0 O 
. R' Jn L R'" Jn. 
Poly(beta-amino ester) (PBAE) 
Figure 1-4. Some commonly used polymers as gene transfection vectors. 
Linear PLL has co-amine groups with positive charge that contribute to the 
condensation with the negatively charged phosphate groups of DNA by Columbic 
attraction. The earliest investigation of this polyplex by Laemmli et. al in 1975 revealed 
that linear PLL condensed DNA into small torroid or rod structures.'^ Linear PLL can 
protect DNA from nucleases and enhance TE compared to naked DNA. It has excellent 
7 
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Safinya et. al synthesized a highly charged amphiphilic dendron called MVLBG2 
21 
(Figure 1-7) by connecting a cationic dendron to 3,4-dioleyloxybenzoic acid (DOB). 
The dendron and DOB moiety mimicked the head group and hydrophobic tail of the 
lipid vectors, such as DOTAP and DOTMA. Comparing the maximum TE for DOTAP 
and MVLBG2 in several cell lines, the latter possessed significantly higher TE. The 
authors also pointed out that the main cause for cytotoxicity was the cationic component. 
Therefore the comparatively low content of cationic dendritic portion required in 
MVLBG2 gave a major advantage for potential applications. 
HN人。 
o ^ ^ o H O ^ NH2 
NH2 “ o ‘ o "J o 
o 丫 NH 
Figure 1-8. Structure of D2-LLA15-D2，amphiphilic dendron. 
Another widely employed strategy in designing amphiphilic dendron is the 
incorporation of biodegradable hydrophobic linkers. Cao et. al prepared an ABA type 
dendron, D2-LLA15-D2 (Figure 1-8), by connecting two hydrophilic PLL dendrons with 
a hydrophobic biodegradable poly-L-lactide (PLLA) central block. Electrophoresis 
experiment showed its strong binding affinity to DNA. Cell toxicity assay also showed 
that D2-LLA15-D2 has a relative low cytotoxicity. 
In conclusion, the discovery of efficient gene transfection vectors has been a hot 
research topic since the proposal of gene therapy. Non-viral vectors are going to 
predominate in the field as viruses are uncontrollable in many aspects. Among non-viral 
vectors, dendrimers and amphiphilic dendrons are getting more and more attention due 
11 
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to the increasing number of successful dendritic candidates. The addition of lipid-like, | 
biodegradable and other moieties to cationic dendrons was demonstrated to improve the | 
TE of the corresponding dendrons. These results have provided a new way to utilize low 
toxicity and less expensive low-generation cationic dendrons for molecular design and 
constructing new effective amphiphilic vectors. 
12 
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CHAPTER 2 
En Route to Dendritic Amphiphile Vectors 
i 
2.1 Introduction to the Design of Dendritic Amphiphiles 
The rapid emergence of more and more dendritic, amphiphilic vectors has proven 
such a strategy promising. While viruses are bom to transfect, the design of dendritic 
amphiphiles is not straightforward and it relies on, first of all, the understanding of the 
transfection barriers. Barriers to transfection can be grouped into three subsets, namely 
12 
cellular barriers, extracellular barriers and material design considerations. 
2.2 Barriers to Gene Transfection 
There are many potential obstacles that have to be overcome for every successful 
transfection. First of all, cellular barriers start from the association of vector-DNA 
particles (VDPs) with the targeted cell surface, followed by internalization into a 
membrane-limited vesicle. After uptake, the VDPs must escape from the internal vesicle 
into the cytosol, enter the nucleus and release the DNA cargoes. Secondly, there exist 
multiple extracellular barriers to gene transfection in vivo. Prior to arrival at cell surface, 
the VDPs must be stable in the presence of serum proteins, tissue and blood nucleases. 
Duration of plasma circulation has to be long enough to maintain the best TE. Also, it.is 
apparent of a vector to have minimal toxicity. Thirdly, material design considerations 
comprise of potential scalability from laboratory to industrial scale, low manufacturing 
cost and sufficiently long shelf life. 
13 
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2.2.1 Cellular Barriers 
It is worthwhile to have a brief overview of viral DNA delivery because viruses 
tackle cellular transfection barriers so well that the design of non-viral vectors is 
strongly coherent with the viral counterpart?^ Generally, viruses first bind to cell 
surface receptors on the cell membrane. Internalization of the virus takes place either by 
endocytosis or by fusion with plasma membrane. Viruses have evolved to escape or 
bypass endocytosis with extremely high efficiency. After internalization into endosomes， 
the viruses get into an acidic medium. This acidic medium triggers conformational 
changes in the viral coat proteins, resulting in membrane peraieabilization, which 
allows endosomal escape of the viral DNA. Afterwards, viruses efficiently use the 
cytoskeletal network, including microtubules to traverse the cytoplasm to the nucleus. 
Finally, nuclear entry of the viral DNA is achieved by having a nuclear localization 
sequence (NLS), an amino acid sequence which serves as a ‘tag’ to gain entry to the cell 
nucleus. 
While the mechanism of viral transfection provides us a glimpse of how the most 
efficient vectors work, the mechanism of cationic lipids gives insights into the 
fundamentals for the design of dendritic amphiphilic vectors. 
Similarly, the first obstacle encountered by lipoplex particles is the cell membrane. 
Apart from specific receptor-mediated interactions, lipoplex particles associate to the 
cell membrane through nonspecific interaction with cell surface proteoglycans and the 
cell membrane (Figure 2-1). 
14 
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©场® , , 
I 〜 g lipophilic llgandsl 
Figure 2-1. Association with cell surface through (a) ionic interactions with cell surface proteoglycans 
and (b) lipophilic interactions with the phospholipid components of the cell membrane. 
(Adapted from Ref. 24) 
Proteoglycans are composed of a membrane-associated core protein from which a 
chain of sulfated or carboxylated glycosaminoglycans (GAGs) extend into the 
extracellular space. These highly anionic GAGs determine much of the interactions 
between cell surface and the net cationic charge of the lipoplex particles. On the other . 
hand, the lipophilic residues of the vector are known to interact with the phospholipids 
that form the cell membrane. 
^ Vector ^ o ^ DNA 
g o Cell wall 
^ ^ ^ j Endosomc 
/ C J 
7 C Endoplasmic reticulum Prolein Iranslalion 
transcription 
Figure 2-2. Schematic diagram of intracellular uptake of therapeutic DNA. (Adapted from Ref. 25) 
Right after cell surface association, lipoplex particles get internalized by 
endocytosis and sequestered within endosomal vesicles (Figure 2-2). Next, the 
15 
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endo-lysosomal escape occurs to release the lipoplex particles into the cytosol. In this 
process, the endosomal vesicles meet up with and fuse with the acidic lysomal vesicles. 
As the vesicles acidify, the pH-sensitive amino groups of the cationic lipids get 
protonated, acting as a buffer. This endo-lysosomal buffering activity, commonly known 
as the "proton sponge effect", makes the vesicles osmotically swell, rupture and at last 
release their cargoes into the cytoplasm. 
Upon entry to the cytosol, lipoplex particles immediately encounter a physically 
and metabolically chaotic environment. Cytosolic nucleases interspersed inside the 
cytoskeletal network readily degrade any unprotected, naked DNA. So there should be 
sufficient vector molecules to bind and protect the corresponding DNA until nuclear 
entry. 
It has been suggested that DNA dissociation from its vector is necessary for 
efficient gene expression to occur. Besides, expression can be further enhanced if the 
dissociation occurs within the nucleus because the residence time of unprotected DNA 
insides the nuclease-rich cytosol can be minimized. 
2.2.2 Extracellular Barriers 
When in vitro study of TE in cell culture can be used to identify promising vectors, 
there exist various extracellular barriers to efficient transfection in vivo. To combat 
against the extracellular barriers, two major biocompatibility design criteria have to be 
considered. They are systemic stability within bloodstream and body fluid, as well as 
minimal cytotoxicity. 
The clinical test of any gene transfection system requires the unimpeded, systemic 
delivery through the bloodstream and usually to scattered regions of the patient's body. 
It has been shown that cationic VDPs may interact with serum proteins to form large 
16 
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aggregates and aggregate with other individual VDPs due to exposure in different 
physiological salinity. They may also be recognized and cleared by the 
reticuloendothelial system (RES). The induction of any one of these events may result 
in hasty elimination of the VDPs, thus hindering the transport of the DNA cargoes to its 
final destination. 
For a gene delivery to be successful, the targeted cells have to remain viable for 
gene transcription and translation. Cytotoxicity can be derived from the VDPs, free and 
uncomplexed vector molecules after release of the DNA cargoes. There is a prevailing 
hypothesis that the major cause of cytotoxicity is high cationic charge density. The ionic 
interactions between the cationic moieties of VDPs and the anionic regions on the cell 
surface are thought to severely impair membrane functioning and at last lead to cell 
death. Other influencing parameters include molecular weight, degree of branching, 
type of cationic functionality and VDP flexibility. 
2.2.3 Material Design Considerations 
Even if a vector has an exceptional TE and the least cytotoxicity, it is not 
necessarily the perfect vector unless it can fulfill several design criteria. Firstly, the 
synthesis of the vector should be capable of scaling up from laboratory to industrial 
scale, in order to ensure a stable supply. For example, a compound which involves the 
*, 
application of azide derivatives during synthesis may fail the aforementioned criterion. 
Secondly, cost is another important concern for all non-viral vectors. The cost of 
production usually increases with molecular weight, degree of branching and rarity of 
starting materials. The third consideration is shelf life. Stability at ambient condition 
and sufficiently long shelf life are definitely beneficial. 
17 
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2.3 Amphiphilic Vector Design Strategy 
To tackle with all the transfection hurdles mentioned, there are virtually 
uncountable solutions which have been reviewed in de ta i l .Opt imal transfection 
hinges upon a balance point among various structural and chemical properties of a 
vector. For instance, sufficient positive surface charge ensures favorable interaction with 
cell surface proteoglycans, but excessive positive charge may lead to cytotoxicity. 
As mentioned previously, cationic dendritic moieties suitable for vector design 
include PAMAM, PPI, PLL，etc. It is unrealistic to review all the corresponding 
successful candidates one by one. Therefore, our focus will be put on amino acid 
derived cationic head groups because they have been found the least toxic in many 
reports.26 This type of compounds is also structurally closely related to the compounds 
synthesized in this thesis. 
NH2 
J . f t r S h V ; 
X DMS0/DMF(1/1) x-z ^ z 
NH2 ‘ C15H31 丫 NH 
0 
Figure 2-3. Preparation ofPLL-PA. 
Uludag et. al combined linear PLL with palmitic acid (PA) to form the 
amphiphilic vector, PLL-PA (Figure 2-3).^^ PA is utilized by mammalian cells for 
intracellular protein trafficking. By introducing hydrophobic PA to hydrophilic proteins 
during post-translational modification, transport of proteins is facilitated through 
lipid-based sub-cellular membrane on their way to the targeted sites. It was reasoned 
that the incorporation of this natural lipid into the cationic linear PLL should result in a 
biomimetic mechanism for facilitated transport of foreign DNA into cells. 
18 
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Using enhanced green fluorescence protein (EGFP) as a reporter gene, PLL-PA 
was found to give almost the highest number of EGFP-positive cells among several 
Tlvl 
carriers tested, including branched PEI, linear PLL，and Lipofectamine 2000. Also, 
they found that the cell growth under exposure to EGFP/PLL-PA was no different to 
cells treated with EGFP only. In contrary, cells treated with the other candidate vectors 
all displayed a lack of growth during the study period of 10 days. Therefore, the group 
had concluded PLL-PA was a robust vector with low cytotoxicity and a promising lead 
for designing new vectors. 
Safinya et. al synthesized an amphiphilic dendron called MVLBG2 (Figure 
2_4).21 The headgroup has an omithine-based core that is terminated by 
carboxyspermine moieties. MVLBG2 can be viewed as a multivalent lipid because it 
has a pair of oleyl tails, mimicking the monovalent lipid vector DOTAP. 
HN 
NHj H j M " ^ < NHj 
^ HN'"/ < 
r • 广 “ 一 
、NH J. O ^ N H u ^^ H O 
O � O H 
MVLBG2 
o 
° D O T A P 
Figure 2-4. Structure of MVLBG2 and DOTAP. 
The TE tests for DOTAP and MVLBG2 were carried out in four different cell lines. 
These were mouse L-cells, mouse embryonic fibroblasts (MEF) cells, HeLa cells and 
human 293 cells. DOPC, the helper lipid, was employed to study the relationship 
between TE and the mole fraction of vector over helper lipid. The TE for DOTAP rose 
exponentially with mole fraction, from negligible transfection to an optimum at or near 
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100 mol %. In fact，this is a common feature for cationic lipids. On the other hand, 
MVLBG2 reached a maximum much more easily. Mole fraction of MVLBG2 as low as 
10% were sufficient for the best TE. By comparing the maximum TE for DOTAP and 
MVLBG2 in the four cell lines, it was apparent that the latter worked better than the 
former one. 
Furthermore, since cytotoxicity is mainly derived from the cationic component of 
vectors, the relatively small amount of the multivalent vector molecules required for 
efficient transfection by MVLBG2 can minimize potential cytotoxicity and it is a major 
advantage for potential applications. Moreover, the corresponding synthesis can be 
carried out in gram-scale for it only involves mild reaction conditions like amino acid 
protection-deprotection and coupling. The head group and spacer connecting the 
hydrophobic and hydrophilic building blocks can be switched easily for combinatorial 
strategy. 
，。 HN人。 
O \ u O „ NHj Q J O NH 
叫 O NHj “ O 88 \ I 
D2-HEX-D2 丫 H D2-PEG4k-D2 。丫 nC 
Figure 2-5. Structure of D2-HEX-D2 and D2-PEG4k-D2. 
Polylysine derived vectors D2-HEX-D2 and D2-PEG4k-D2 were also prepared. It 
was revealed that only Dn-HEX-Dn of very high generation could exhibit favorable 
DNA binding affinity and TE (Figure 2-5). Interestingly, the bolamphilic Dn-PEG4k-Dn 
showed decreased cytotoxicity but no significant improvement in TE could be observed. 
In response to the weaknesses of two analogous compounds, Cao et. al prepared 
D2-LLA15-D2, by connecting two pieces of G2 PLL dendrons with a hydrophobic 
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biodegradable poly-L-lactide (PLLA) block.^^ D2-LLA15-D2 has very low cytotoxicity 
when compared to commercially available linear PLL-23k and PEI-2k. Moreover, 
preliminary studies showed that the TE by D2-LLA15-D2 was at least ten times higher 
than that of naked DNA. As it was generally revealed that a high MW or generation of 
cationic dendritic vector would finally lead to increased cytotoxicity, new vectors with 
low MW and generation will dominate the field in the future. 
2.4 Summary 
Based on the previous experiments, amino acid derived cationic moieties, both 
linear and dendritic, appear to be suitable for designing new amphiphilic vectors. While 
both aliphatic and polymeric chains work, the selection rules for the hydrophobic block 
appear to be simpler. As optimal transfection hinges upon equilibrium among numerous 
chemical and structural properties, building blocks with fine tuning abilities are 
certainly advantageous. It is unquestionable that dendrons fall into this group as their 
properties can be fine tuned by changing the number of generation or core multiplicity. 
In the past, high MW and high cationic charge density were coimnon in most 
synthetic, non-viral gene transfection vectors. Unfortunately, cytotoxicity comes from 
and increases with these two properties. Such a contradiction makes research teams turn 
their focus to low MW, low generation and low cationic charge density. Experiment 
results from recently published literature have proven the new strategy promising. 
In case of dendrons, moreover, low generation and low cationic charge density can 
bring about additional benefits, including reduced production cost, scalability to 
industry and enhanced stability. 
The main objectives of this thesis, i.e. the design, synthetic scheme, 
characterization, transfection efficiency and cytotoxicity results of a new set of novel 
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dendritic amphiphiles based on higher hydrophobic hydrocarbon dendrons, are 
presented in the following chapters. 
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CHAPTER 3 
Design, Synthesis and Structural Characterization of New 
Amphiphilic Dendrons for Gene Transfection 
3.1 Design of the New Amphiphilic Dendrons 
As described in the previous chapter, amino acid derived cationic dendrons are 
ideal choices in constructing new transfection vectors. Among them, poly-L-lysine (PLL) 
dendrons of various generations were most frequently employed for several 
reasons.2口2,26 Firstly，its primary component, L-lysine, is one of the eight essential 
amino acids of human beings. At the same time, PLL dendrons are essentially 
oligopeptides. It is believed that they can be metabolized in similar ways to other 
peptides inside human body, resulting in low toxicity to even nil. Secondly, PLL 
dendrons are synthesized by traditional protection-deprotection cycles. The major 
starting material, L-lysine, is also economical for its natural origin. These factors make 
hundred-gram to even kilogram scale production feasible. 
NHBoc NHBoc BocHN-
J J NHBoc L BocHN. 
BOCH.V — 々 ^ ^ A y : 
NHBoc 。 ， ^ N H B o o J O^NH 「MHBoc 
. 乂 ， [ L 2 】 b o c h X " ^ ^ ^ / / [L31 — 〜 T ^ o 
S BocHN>-^-^NHBoc O丄 yH O 
難 H2N 拟 H i d r ^ ^ ^ ^ ^ ^ i r ^ tL4] 
\ NH�BocHy., ‘ 
y" oX 广 丄 
k NH, o H 八、口〜 y �JJ|^ 2 J 
z D e p r o t e c t e d [ L 4 ] 。 广 nh, .. 
叫 " y 。 H.N'V^-^-^^H'S/ Deprotected [L2] 
Deprotected [L3] 
Figure 3-1. Structures of the [L2], [L3] and [L4] dendrons and their deprotected forms. Note that all 
the periphery amino groups will be protonated in physiological medium. 
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In order to combat against the cytotoxicity problem, low-MW PLL dendrons of 
generation 2-4 were chosen, namely [L2], [L3] and [L4] (Figure 3-1). 
3.1.1 Incorporation of Hydrocarbon Dendrons 
The synthesis of hydrocarbon dendrons (HCDs) was previously reported by our 
group (Figure 3-2)?^ All their branches have no other functionality but saturated 
hydrocarbon. Therefore, they bear significant hydrophobicity that increases with 
generation. On the other hand, the focal point allows flexible inter-conversion of 
functionality because of its origin，a substituted malonic acid. 
HOOC COOH HOOC^XOOH HOOC^'xOOH 
[G1]-diacid [G2]-cliacid [G3]-diacid 
Figure 3-2. Structures of [Gl]，[G2] and [G3]-diacids. 
Although natural fatty acid chains are still the dominating choices for the 
hydrophobic building block in the design of amphiphilic vectors, HCD is an appealing 
idea that is worth considering. It is worthwhile to investigate whether these artificial, 
highly symmetrical HCDs can compete with or even surpass the natural, linear 
counterparts in gene transfection experiments. 
3.1.2 Synthesis Feasibility 
The focal point of the PLL dendrons is essentially a carboxylic acid. Both amide 
and ester, the two classical acid derivatives, have been widely used to link up the 
hydrophilic and hydrophobic parts. It is believed that amides are more stable and less 
susceptible to hydrolysis than esters. While chemical stability is often correlated to 
stability in physiological environments and long shelf life, amide will be the choice in 
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this study. 
To the 3 pieces of PLL dendrons chosen, the incorporation of another 3 pieces of 
HCDs can bring about 9 new, bow-tie-like amphiphiles. Their molecular weights and 
degree of hydrophilicity differ from one another, so the effects on TE by these 
parameters can be figured out. Inside all these amphiphile molecules, amide and amine 
will be the only functional groups present. This design is in good agreement with the 
phrase, simple is the best. 
3.2 Synthesis of the New Amphiphilic Dendrons 
PLL dendrons were prepared from commercially available L-lysine mono-
hydrochloride (H-Lys-OH . HCl) (Scheme 3-1). It was reacted with di-tert-huty\ 
dicarbonate (B0C2O) in basic medium to afford [LIHCOOH) 16 in 94% yield?^ 
Another portion of the starting material was reacted with 2,2-dimethoxypropane in 
acidic methanol to afford L-lysine methyl ester dihydrochloride (H-Lys-OMe . 2HC1) 17 
in excellent yield.^^ 
NHBoc NHz NH2 
r B0C2O, NaOH r Me2C(OMe)2 f 
J J .HCl J .2HC1 
r THF, H2O, r.t. r HCl. MeOH, r.t. j T 
BocHN 人 CO2H H2N 人 C02H 觀 H^N^CO^Me 
16 H-Lys-OH. HCl 17 
Scheme 3-1. Preparation of precursors 16 and 17. 
Next, compounds 16 and 17 were coupled, using dicyclohexylcarbodiimide 
(DCC) and l-hydroxybenzotriazole (HOBt), to give [L2]-(C00Me) 18 in 86% yield 
(Scheme 3-2).^° Subsequent alkaline hydrolysis of the methyl ester produced 
[L2]-(C00H) 19 in excellent yield. Following similar reaction sequence, compounds 
19 and 17 were coupled to give [L3]-{C00Me) 20 in 76% yield. [L3]-(C00H) 21 was 
obtained through alkaline hydrolysis of compound 20 in 53% isolated yield. 
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S NHBOC � |!|HB« BocHN- -^^ ^^ NHBOC 
19 20 21 
[L3HC00H) 
Scheme 3-2. Synthesis of[L2HCOOH) 19 and [L3]-(COOH) 21. 
Compounds of the [L4] series were synthesized in a different way that bypassed 
the use of [L4]-(C00H), as no product could be obtained from the coupling reaction 
between [L4]-{C00H) and [GIHCH2NH2). Details of the modified synthesis will be 
presented later in this section. 
Y 炒 孝 〒 
� G 1 � 【G2】 I 
[G3] 
Figure 3-3. Structures of the employed dendrons. 
The hydrocarbon based [Gl], [G2] and [G3]-alcohols were prepared following 
literature methods by our group (Figure 3-3). As later transfection efficiency tests 
revealed that the compound [G2]-[L4] gave very good TE, this led us design a 
structural isomer [D2]—[L4]，in order to investigate the importance of the hyper-branch 
characteristic of HCDs on the TE. The new dendron is the doubly-branched isomer of 
the [G2] counterpart, thus it was given the name [D2]. As a result, [D2]-(CH20H) was 
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also synthesized according to a literature procedure.^ ^  
The dendritic and doubly-branched alcohols, i.e. 22-25, were coupled to 
phthalimide to give the corresponding phthalimides 26-29 by Mitsunobu reaction 
(Scheme 3-3). Subsequent hydrazinolysis gave the corresponding primary amines 
12-15 in 92-100% yields. By means of 1 -[3-(dimethylainino)-
propy 1]-3-ethylcarbodiimide methiodide (EDCI) and HOBt, these amines were then 
coupled to the carboxylic acids 19 and 21 to generate seven protected amphiphilic 
dendrons 1-6 and 11 in fair (55%) to excellent (100%) yields. The [D2]-[L3] compound 
was not prepared. 
p 
NH 
DIAD.PPh3,THF.r.t. EtOH/THM:1 v/v' U ^ N H , 
[Gn]-(CH20H) [Gnl-(NPhth) [GnHCHzNHz) 
22, [G1] 26. [G1]： 95% 12, [G1]： 100% 
23, [G2] 27, [G2]: 82% 13, [G2]: 92% 
24,【G3] 28, [G3]： 89% 14, [G3]： 98% 
25, ID2] 29, [D2]: 78% 15, [D2]: 100% 
/ C \ + 零 ^ ^ E D C I ’ _ / - ^ ^ A ^ 
U ^ DMAP.CH2CI2 V ^ / H \ b y l 
[Gn】-(CH2NH2) [Lx]-(COOH) [Gnl-[Lx] 
12，[G1] 19, [L2] 1, [G1HL21： 100% 
13. [G2] 21.【L3] 2, [G2HL21： 68% 
14. [G3] 3, [G3]-[L2]： 94% 
15. [D2] 4, [G1HL3]: 55% 
5, [G2]-[L3]： 85% 
6, [G3]-[L3]： 89% 
11, [D21-[L21： 9 6 % 
Scheme 3-3. Synthesis of the protected [L2] and [L3]-based amphiphilic dendrons and 11. 
On the other hand, [L4]-based amphiphilic dendrons were synthesized using a 
double exponential growth strategy (Scheme 3-4).^ ® The Boc groups in compounds 1-3 
and 11 were first deprotected with trifluoroacetic acid (TFA), releasing the four 
peripheral amino groups. Each molecule was coupled with four equiv. of [L2]-(C00H) 
19 to yield four [L4]-based amphiphilic dendrons 7-10. Their isolated yields vary from 
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56% up to 80%. 
o o 
r ^ ^ ^ v ^ i A r ^ 1 • TFA. CH2CI2. r.t. r ^ - ^ ^ M - V - ^ 
(Gn丁 H TL2 ) 2.Et3N,EtOAc 7 ^ 
HOBt, EtOAc, r.t. 
[Gn]-[L2] [Gn]-[L4] 
1,[G1HL2] 7, [G1]-[L4]: 80% 
2, [G2HL2] 8, [G2]-[L2]： 59% 
3, [G3]-[L2] 9, [G3]-[L2]: 71% 
11, [D2]-[L2] 10, [D2]-[l_2]: 56% 
Scheme 3-4. Synthesis of the protected [Gn]-[L4] amphiphilic dendrons 7-10. 
Finally, compounds 1-10 were deprotected by one-hour treatment with TFA or 1 M 
HCl, followed by freeze-drying overnight to remove any excessive acid. The 
corresponding ammonium salts were then used in the transfection experiments without 
further purification. 
3.3 Characterizations of the Intermediates and Targeted Amphiphilic Dendrons 
The structural identities and purities of all the newly synthesized protected 
amphiphilic dendrons were fiilly characterized by ^H, ^^ C nuclear magnetic resonance 
(NMR) spectroscopy and high resolution mass spectrometry (HRMS). The critical 
micelle concentrations in water of the deprotected compounds were measured in order 
to understand their self assembly and encapsulating properties in aqueous environment. 
3.3.1 IH NMR Spectroscopy • 
All the eleven Boc protected amphiphilic dendrons 1-11 shared common features 
in their 'H NMR spectra. Several characteristic peaks were observed in each of their 
spectra in CD3OD. The ^H NMR spectrum of [G2]-[L2] 2 was shown as an example 
(Figure 3-4). 
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Figure 3-4. 'H NMR spectrum (300 MHz) of[G2]-[L2] 2 in CD3OD at 2 5 � C . 
The first upfield doublet peak at 6 0.90 (i.e. Ha) was contributed by the peripheral 
methyl groups of HCD dendrons. For the doubly-branched [D2] derivatives, it was 
replaced by a triplet signal at 6 0.90, arisen from the two terminal methyl groups on the 
alkyl chains. The second set (i.e. Hb) was contributed by the tert-hutyl groups of the Boc 
protecting groups. Singlets were observed at 5 1.43, 1.44 and 1.45. All three singlets 
were observed in the spectra of [L2] and [L3] derivatives, i.e. compound and 11， 
indicating the existence of three distinct types of Boc groups. In case of the [L4] 
derivatives, i.e. compounds 7—10，only two out of three were found. It is believed that 
the signals originated from the sixteen Boc groups overlapped each other. The third 
peak (i.e. He) was contributed by the peripheral CffzNBoc of the PLL dendrons. Similar 
to the peripheral methyl groups of the HCDs, the chemical shift was 5 3.03 and it was 
generation-independent, while the fourth set of signals (i.e. Hd, 5 3.07-3.28) was 
assigned to all the remaining Ci^zN of the PLL dendrons. The fifth set (i.e. He, 5 
3.824.17) was a multiplet contributed by the protons at chiral centers a to BocNH 
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groups. This signal was probably originated from the lysine fragments on the periphery, 
while the sixth set (i.e. Hf，6 4.14-4.46) was a multiplet, contributed by the other chiral 
protons due to the inner lysine residues. In case of [G1]-[L2] and [G2]-[L2], however, a 
doublet of doublets was observed at 5 4.30. The remaining ^H signals for the eleven 
compounds were seen as multiplets at about 6 1.07 up to 1.94. These are due to the 
residue proton signals from the hydrocarbon dendron. No amide proton was observed 
because of deuterium exchange in methanol-<i4 (CD3OD). 
3.3.2 ^^C NMR Spectroscopy 
All the synthesized Boc-protected amphiphilic dendrons were characterized by ^^ C 
NMR spectroscopy. The ^^ C signals are well separated into distinct regions (Figure 3-5). 
The 1 3 � N M R spectrum of [G3]-[L4] 9 was taken as an example (Figure 3-6). The 
HCD sector showed characteristic signals at 5 23 and 44, originated from peripheral 
methyl (in [Gn]) and focal point methylene groups respectively. The remaining 
hydrocarbon skeleton carbons gave ^^ C signals between 5 24-39. For the PLL sector, 
the hydrocarbon ^^ C signals spread within a narrower range of 6 24-35. The methyl 
signals from Boc groups gave a tall peak at 8 � 2 9 . Several interesting features were 
also noted and elaborated below. 
» 
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Figure 3-5. Distribution of signals from the protected amphiphilic dendrons on their " C NMR 
spectra. 
Table 3-1. Characteristic ^^ C signals due to the hydrocarbon dendron in 1-11. In 
case of 10 and 11，CH3CH refers to terminal methyl groups. 
[G1] series [G2] series [G3] series [D2] series 
1 4 7 2 5 8 3 6 9 10 11 
CH3CH 23.1 23.2 23.2 23.3 23.3 23.26,23.28 23.3 23.4 23.4 14.7 14.5 
CHCH2NH 43.8 43.8 43.9 44.0 44.1 44.1 44.3 44.3 44.2 43.7 43.8 
First, the 5 values of the peripheral methyl groups in the hydrocarbon dendron of 
1-9 were found to be consistently ranging from 23.1 to 23.4 (Table 3-1). The ones of 
the terminal methyl groups of the doubly-branched compounds 10 and 11 were also 
very close to each other ( � 5 14). In each series, the focal point methylene showed no 
significant shifting in '^C signals. For example, the 5 values were either 44.2 or 44.3 in 
the [G3] series. 
Table 3-2. Signals arisen from the methyl groups ofBoc groups in 1-11. 
[L2] series [L3] series [L4] series 
1 2 3 11 4 5 6 7 8 9 10 
(CH3)3C 28.8.28.9 28.9 28.86.28.92 28.9 28.9 28.9 28.9 28.9 28.9 28.9 28.9 
Second, the signals (5 28.9) assigned to (CH3)3C (i.e. Boc group) also showed 
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generation independence in their chemical shifts (Table 3-2). Only compounds 1 and 3 
gave extra, distinguishable signals at 5 28.8, possibly due to a slight difference in the 
chemical environment between the peripheral and internal Boc groups. 
Table 3-3. Quantities of signals detected in selected regions of the ^^ C spectra of 
1-11. 
[L2] series [L3] series [L4] series 
1 2 3 11 4 5 6 7 8 9 10 
5 54.3-56.5 3 3 3 3 4 4 2 3 4 3 4 
5 79.5-80.8 3 3 2 3 4 2 2 3 3 3 3 
5157.5-158.5 3 3 2 3 3 2 3 3 3 3 3 
5173.8-175.7 2 2 2 2 5 4 4 5 5 5 6 
Third, the numbers of signals in different chemical shift regions of all the 
compounds were compared (Table 3-3). The first row (5 54.3-56.5) referred to the 
signals of the chiral carbons due to the lysine moiety. Taking the [L2] series as an 
example, since each of the [L2] compounds composes of three lysine molecules，the 
number of three meant that none of the chiral carbon was chemically equivalent. It 
should be noted that those numbers of the [L3] and [L4] series leveled off at four, 
possibly due to signal overlapping. The second and third rows (6 79.5-80.8 and 5 
157.5-158.5) referred to signals of the quaternary carbon and carbonyl group of a Boc 
protecting group respectively. In theory, these two numbers of the same compound 
should be identical. It was proven in most cases, except for compounds 4 and 6. Again 
this must be due to signal overlapping. Finally, the fourth row (5 173.8-175.7) shows 
the numbering of the amide carbonyls. The number generally increases with the 
generation of PLL units. 
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Figure 3-6. " C NMR spectrum of[G3]-[L4] 9 inCDaOD. 
3.3.3 Mass Spectrometry 
All protected dendritic arriphiphiles (1-11) were characterized by high-resolution 
mass spectrometry. Their mass spectra were obtained by a matrix-assisted laser 
desorption ionization - time of flight (MALDI-TOF) mass spectrometry technique. 
Their molecular weights span from 992 to 4489 and all compounds gave results 
accurate within 5 ppm of the theoretical molecular weight. 
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MALDI-TOF [M + Na]" 
Compound Mesured Theoretical Error (ppm) 
1 992.6997 992.6987 1.0074 
2 1244.9800 1244.9804 -0.3213 
3 1750.5474 1750.5472 0.1142 
4 1906.2952 1906.2917 1.8360 
5 2158.5686 2158.5734 -2.2237 
6 2663.1409 2663.1368 1.5395 
7 3732.4753 3732.4741 0.3215 
8 3984.7380 3984.7558 -4.4670 
9 4489.3219 4489.3192 0.6014 
10 3984.7613 3984.7558 1.3803 
11 1244.9816 1244.9804 0.9639 
Table 3-4. Measured molecular weights of the protected amphiphilic dendrons 1 - 1 1 by MALDI-TOF. 
The mass spectrum of [G2]-[L3] 5 was taken as an example (Figure 3-7). Two 
major molecular ion peaks, [M+Na]+ and [M+K]+，were found at m/z ratio of 2158.5686 
and 2174.4290 respectively. The other two peaks were due to fragmentation. The loss of 
one rerr-butoxycarbonyl fragment (C5H9O2) corresponded to the peak at m/z ratio 
2058.5198, while the remaining one at 2102.5054 was resulted from the loss of a 
tert-hu\y\ fragment (C4H9). 
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Figure 3-7. MALDI-TOF mass spectrum of [G2]-[L3] 5. 
3.3.4 Critical Micelle Concentration 
To make the compounds soluble in water, the protected amphiphilic dendrons were 
deprotected to the corresponding ammonium salts by treatment with trifluoroacetic acid. 
These cationic amphiphilic dendrons are different in hydrophilicity that can be 
described by a value called hydrophilic-lipophilic balance (HLB).^ '^^ ^ Although HLB is 
a measuring method intended for non-ionic surfactants, it can still provide us with some 
clues in the hydrophilicity features of our cationic amphiphilic dendrons. The HLB 
value is defined as twenty times of the molecular weight ratio of hydrophilic unit to the 
whole molecule (Equation 3-1): 
H L B = (MWhydrophiiic / MWwhoie) X 20 (3-1) 
Various amphiphiles self-assemble into micelles in aqueous solution in order to 
minimize energetically unfavorable hydrophobe-water interactions. The lowest 
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concentration in which micellization occurs is termed critical micelle concentration 
(CMC) and can be obtained by fluorescence techniques.^ " '^^ ^ Since it is believed that the 
DNA is protected by the vector self-assembly during transfection，the micellization 
properties of the ammonium salts of our amphiphilic dendrons 1-10 were studied in 
order to find the correlation with TE. 
In water, pyrene (6 x 10 M, near saturation) partitions between the aqueous and 
micellar phases, with two useful changes in the pyrene spectroscopy. First, there is a red 
shift in its excitation spectrum and second, there is a change in the vibrational fine 
structure of its emission spectrum when micelles exist. When micellization occurs, the 
(0,0) band is shifted from 333 nm to 336 nm on the pyrene excitation spectra in water. 
The intensity ratio 1336^ 1333 takes the value characteristic of pyrene in water at low 
concentrations. At high concentration, on the other hand, it takes the value of pyrene 
entirely in hydrophobic environments. The CMCex can then be calculated by locating 
the breakpoint in the plot of intensity ratio 1336^1333 versus log c (amphiphile 
concentration) (Figure 3-8). 
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Figure 3-8. Plot of the intensity ratio 1336^1333 (from pyrene excitation spectra) against log c for 6 (left); 
plot of V/iof the vibrational bands in pyrene emission spectra against log c for 6 (right). 
Similarly, the change in vibrational fine structure is described in terms of the ratio 
/3//1, the intensities, respectively, of the third and the first bands in the pyrene 
emmission spectra. By plotting the ratio I3/I1 against log c, the corresponding CMCem 
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can also be calculated (Figure 3-8). Generally, the CMCex and CMCem are of similar 
values. 
The CMCex and CMCem of the amphiphilic dendrons were obtained through 
literature procedures and they were tabulated in ascending CMCex order for analysis 
(Table 3-5). 
CMC (ppm) 
Compound HLB MW (as amine) Excitation Emission 
[G3]-[L3] • 8TFA 9.8 1840.04 4 3 
[G3HL4] • 16TFA 13.4 2865.46 6 11 
[G3]-[L2] • 4TFA 5.8 1327.32 50. 40 
[G2]-[L2] • 4TFA 9.4 822.37 100 130 
[G2HL4] • 16TFA 16.3 2360.51 200 50 
[G2]-[L3] • 8TFA 13.5 1335.08 210 130 
[D2HL4] • 16HCI 16.3 2360.51 240 180 
[G1HL3] • 8TFA 16.6 1082.6 320 270 
[G1HL2] • 4TFA 13.5 569.89 820 550 
[G1HL4] • 16TFA 18.3 2108.03 >920 >920 
Table 3-5. CMC values of the deprotected amphiphilic dendrons. 
First, the CMCex and CMCem obtained from the same candidate were much the 
same. This result was in agreement to the literature. The only discrepancy was found in 
the case of [G2HL4] • 16TFA. 
Second, the higher the hydrocarbon dendron generation，the smaller the CMC. It is 
i , 
obvious from Table 3-5 that the compounds were grouped according to their HCD 
generations. The [G3] series (salts of [G3]-[Lx], x = 1, 2, 3) came first, followed by the 
[G2] series (salts of [G2]-[Lx], x 二 1，2，3)，the [D2] series (salt of [D2]-[L4]) and 
lastly, the [Gl] series (salts of [Gl]-[Lx], x = 1，2，3). This suggested that the bigger 
dendron facilitated the formation of micelles. 
Third, it is surprising that no correlation was found between CMC and the 
generation of PLL. There was also no apparent correspondence between CMC and the 
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HLB. For example, the CMCs of [G2]-[L2] • 4TFA and [G3]-[L3] • 8TFA, bearing 
very similar HLB values of 9.4 and 9.8，were 2 orders of magnitude apart. Again, this 
suggested that the polar fragments paid little contribution to the stabilization of micelle 
formation. 
Fourth, [G1]-[L4] • 16TFA had the largest CMC as expected. In the corresponding 
fluorescence experiments, no red shift or change in vibrational fine structure was 
observed even at the stock concentration (920 ppm or 920 mg L" )^. This indicated that 
the molecules were incapable of forming micelles in aqueous solution. 
3.4 Conclusion 
Protected amphiphilic dendrons 1-11 were prepared in satisfactory yields and high 
purities. They were fiilly characterized by ^H NMR, ^^ C NMR and MALDI-TOF MS 
techniques. The Boc groups of 1-10 were deprotected to yield the corresponding 
water-soluble salts. The CMCs of these salts were obtained by pyrene fluorescence 
spectroscopy. In the next chapter, the transfection efficiency and cytotoxicity of these 
amphiphilic dendrons are presented. 
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CHAPTER 4 
Determination of 
Transfection Efficiency and Cytotoxicity 
4.1 Preparation of the Amphiphilic Dendrons for Transfection 
The TFA salts of deprotected 1-9 were freeze-dried at -20 °C before submitting for 
initial TE screening tests. Encouraging results had been observed in the cases of 
[G3HL3], [G2]-[L4] and [G3]-[L4], so their HCl salts were also prepared similarly to 
investigate if the nature of the anion could affect the TE. Moreover, [D2]-[L4], the 
isomer of [G2]-[L4], was synthesized to study the relationship between degree of HCD 
branching and TE. 
4.2 Transfection Efficiencies of the Amphiphilic Dendrons 1-10 
The transfection experiments were completed by the research team of Prof. C. H. 
K. Cheng (School of Biomedical Sciences, CUHK). The cell line used was MDCK (dog 
kidney cells). Cells were cultured at 37 °C in supplemented cell medium (Dulbecco's 
Modified Eagle Medium (DMEM) with 10 % fetal calf serum (PCS), v/v) in a 5% CO2 
atmosphere. The day before the transfection experiment, cells were seeded in 24-well 
plates. The cell number in each well is 50,000. For each well, 1 jig of luciferase plasmid 
DNA (pRL-CMV Control Vector, Promega) was used. Solutions of the salts of 
deprotected 1-10 (2p,g of salts) were added to the DNA and each of the mixtures was 
diluted to a final volume of 0.1 mL with DMEM. The commercially available 
transfecting reagent Lipofectamine 2000 (2|j.g of lipids/well), was used as a positive 
control. The cells were incubated with this solution for 6 h, then washed with phosphate 
buffer saline (PBS) and incubated with supplemented DMEM for an additional 48 h. 
Luciferase gene expression was measured with the Luciferase Assay System (Promega) 
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and the light output readings were taken on a single-tube luminometer. Transfection 
efficiency (TE) was measured as relative light units (RLUs). All experiments were 
performed in both duplicate and triplicate (Figure 4-1). 
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Figure 4-1. Transfection efficiencies in MDCK cells for amphiphilic dendrons la—10a. Lipofectamine 
acted as a positive control. 
The TE results collected through duplicate and triplicate transfection experiments 
were consistent for all the candidates. Among them, seven out of thirteen were found to 
have TEs comparable to Lipofectamine, the control. Compounds [G3]-[L3] • 8HC1 and 
[D2]-[L4] • 16HC1 even performed substantially better than Lipofectamine. It was 
expected that the [Gl] series would not give any positive results since the 
hydrophobicity of [Gl] dendron was too low to interact with the cells being transfected. 
This was proven by the poor TE of the TFA salts of [G1HL2], [G1]-[L3] and 
[Gl]—[L4]. However, to our surprise, [G2]-[L2] • 4TFA gave a positive result of about 
900 kRLU/mg cell protein, which is much higher than the other two [L2] derived 
amphiphilic dendrons, [G1]-[L2] • 4TFA and [G3]-[L2] • 4TFA. 
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Among the effective amphiphilic dendrons, [G3]-[L3] • 8TFA, [G3]-[L3] • 8HC1, 
[G3]-[L4] • 16TFA and [G3]-[L4] • 16HC1 gave TEs from 1500 to 2400 units (Table 
4-1). In other words, dendrons [G3]-[L3] and [G3]-[L4] gave satisfactory results no 
matter what the counterion was. In both pairs，the HCl salts performed better than the 
TFA counterparts. This phenomenon might be due to their respective MW. As 
trifluoroacetate (MW = 113 g mol"^) contributed more to the total MW than chloride 
(MW = 35.5 g mol-i), the actual dosage of amphiphilic dendron would be lower in the 
case of the TFA salt. 
Table 4-1. Transfection efficiencies (in descending order) of the amphiphilic 
dendrons. 
Compound HLB MW (as amine) TE^ CMCex (ppm) 
[D2HL4] • 16HCI 16.3 2943.79 2800 240 
[G3HL3] • 8HCI 9.8 2131.68 2400 -
[G2]-[L3] • 8TFA 13.5 2247.22 2000 210 
[G3]-[L4] • 16HCI 13.4 3448.74 1900 -
[G3]-[L3] • 8TFA 9.8 2752.18 1700 4 
[G2HL4] • 16HCI 16.3 2943.79 1700 -
Lipofectamine - - 1600 -
[G3HL4] • 16TFA 13.4 4689.74 1500 6 
[G2HL2] • 4TFA 9.4 1278.44 890 100 
[G2HL4] • 16TFA 16.3 4184.79 160 200 
[G3]-[L2] • 4TFA 5.8 1783.4 8 50 
[G1HL3] • 8TFA 16.6 1994.74 2 320 
[G1HL4] . 16TFA 18.3 3932.31 1 >920 
[G1HL2] • 4TFA 1025.96 0 820 
a Triplicate results, units: kRLU/mg cell protein. 
However, the [G2]-[L4] pair did not follow the aforementioned trend. [G2]-[L4] • 
16HC1 performed as well as the control, but this was not the case for the TFA 
counterpart. Furthermore, [D2]-[L4] • 16HC1, being the doubly-branched isomer of 
[G2]-[L4] • 16HC1, performed considerably better than the latter. According to this 
finding, the [D2] dendron would be a more desirable hydrophobic unit than the [G2] 
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dendron. 
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Figure 4-2. Comparison of transfection efficiency against hydrophilic-lipophilic balance (left) and 
critical micelle concentration (right). 
There appeared to be little correlation between the TE values and the HLB and 
CMC values (Figures 4-2). For example, the HLB values of the more active compounds 
ranged between 9.8 and 16.3, but it is not the truth vice versa. The CMC values also 
showed little correlation with the TE values, suggesting that the TE cannot be simply 
ascribed to the existence of an optimal HLB or CMC values. 
4.3 Cytotoxicity Assay 
Evaluation of the compound cytotoxicity was conducted by the MTT assay. It is a 
colorimetric assay in which the yellow MTT is reduced to purple fonnazan in living 
cells. First, a MDCK cell line was seeded into 96-well plates (50,000 cells/well in 0.1 
mL of supplemented medium DMEM with 10% FCS). The cells were incubated with 
the deprotected amphiphilic dendrons in individual wells for 48 h. The old medium was 
replaced by fresh growth medium containing 3-(4,5-dimethylthiazol-2-yl)-2,3-diphenyl-
tetrazolium bromide (MTT). After a continuous incubation for 5 h, the medium was 
removed and DMSO was added to dissolve the fonnazan formed by living cells. The 
samples were analyzed by a plate reader (Eliza) at 540 nm. The percentage inhibition of 
cell viability reported was relative to the control (Table 4-2). 
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Table 4-2. Cytotoxicity results (in ascending order) of the amphiphilic dendrons. 
Compound MW TE^ % Inhib， CMCex (ppm) 
[G3HL2] • 4TFA 1783.4 8 2 ^ 
[G1HL2] • 4TFA 1025.96 0 4 820 
[G1HL4] • 16TFA 3932.31 1 5 >920 
[D2HL4] • 16HCI 2943.79 2800 11 240 
[G3]-[L3] . 8TFA 2752.18 1700 12 4 
[G3HL4] • 16TFA 4689.74 1500 12 6 
[G3]-[L3] • 8HCI 2131.68 2400 12 -
[G3HL4] • 16HCI 3448.74 1900 13 -
Lipofectamine - 1600 13 -
[G2HL3] . 8TFA 2247.22 2000 14 210 
[G1HL3] • 8TFA 1994.74 2 14 320 
[G2HL4] • 16TFA 4184.79 160 18 200 
[G2]-[L2] • 4TFA 1278.44 890 20 100 
[G2HL4] • 16HCI 2943.79 1700 ^ -
a Triplicate results, units: kRLU/ng cell protein; "percentage inhibition of cell viability. 
The upper end of the table was occupied by two [L2] derivatives as expected, but 
[G2]-[L2] • 4TFA of the same series was one of the most cytotoxic compounds. For all 
the potential amphiphilic dendrons, six out of seven carried cytotoxicity results similar 
to Lipofectamine. It can be concluded that TE is highly related to cytotoxicity of certain 
range, i.e. 11% to 14 % in this study. Amphiphiles with less cytotoxicity (salts of 
[G1HL2]，[G3]-[L2] and [G1]-[L4]) are not transfecting at all, while the majority with 
higher cytotoxicity is also poor in TE. Moreover, the directly proportional relationship 
between cationic charges and cytotoxicity seemed to be unsubstantiated, as the values of 
% inhibition for all the [L4] members spanned from 5% up to 22%. 
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4.4 Conclusions 
The transfection efficiency and cytotoxicity of the salts of 1-10，thirteen 
compounds altogether, were measured and analyzed thoroughly. Representative results 
were obtained from in vitro Luciferase and MTT assays in the MDCK cell line. Six 
candidates, namely [G2]-[L3] • 8TFA, [G3]-[L3] • 8TFA, [G3]-[L3] • 8HC1, 
[G3]-[L4] • 16TFA, [G3]-[L4] • 16HC1 and [D2]-[L4] • 10 HCl (Figure 4-3), gave 
performances comparable to the widely used transfection reagent Lipofectamine™ 
2000. 
" 义 玄 么 " 义 : S t ‘ 啓 
[G2]-[L3] 乂 [G3]-[L3] T ^ ^ 
晰 r o y < / 。 
IG31-IL4] 入 ID2]-[L41 
Figure 4-3. Structures of the amphiphilic dendrons [G2]-[L3], [G3]-[L3], [G3]-[L4] and [D2]-[L4]. 
This study has provided us some basic yet directing clues to design an ideal 
transfecting amphiphile. For the hydrophilic unit, both [L3] and [L4] dendrons are 
proven again to provide sufficient positive charge density to bind DNA, with 
sufficiently low cytotoxicity as well. For the hydrophobic unit, [G3] and [D2] dendrons 
44 
Chapter 4 - Determination of Transfection Efficiency and Cytotoxicity 
seem to be the best choice. It is interesting that such hydrophobic hydrocarbon dendrons 
are good alternatives to natural fatty acid chains for constructing of non-viral vectors. 
The results from this study have laid down an important design principle on the 
synthesis of novel amphiphilic dendrons for gene transfection. Full optimization of the 
dendron structure may also provide better candidates with even higher TE and lower 
cytotoxicity. Through fiirther study using various cell lines and genes, these potential 
candidates may become one of the marketed transfecting reagents in the future. 
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Experimental Procedures 
5.1 General Information 
NMR (400 MHz) and '^C NMR (100 MHz) spectra were recorded on a Bniker 
Avance DPX 400 spectrometer. All measurements were carried out at 25 °C in 
methanoW4 unless otherwise specified. The signal of the solvent residue CD2HOD was 
1 
used as internal standard unless otherwise specified. C signals of the minor rotameric 
peaks were not reported. Chemical shifts were reported as parts per million (ppm) in 5 
scale and coupling constants (J) were reported in hertz. Mass spectra were obtained on a 
Bmker Daltonics Autoflex MALDI-TOF mass spectrometer. The reported molecular 
mass (m/z) values were the most abundant mono-isotopic values. 
All non-aqueous reactions were carried out under nitrogen unless otherwise stated. 
All chemical reagents were purchased from commercial suppliers and used without 
further purification. Tetraydrofuran (THF) was freshly distilled prior to use from 
sodium/benzophenone ketyl under nitrogen. CH2CI2 was freshly distilled from CaH2 
under nitrogen. All reactions were monitored by thin layer chromatography (TLC) 
performed on Merck pre-coated silica gel 60 F254 plates, and compounds were 
visualized with a spray of 5% w/v dodecamolybdophosphoric acid in ethanol and 
subsequent heating. Flash chromatography was carried out on columns of Merck silica 
gel 60 (230-400 mesh). Preparative size exclusion chromatography was carried out on 
columns of Bio-Rad Laboratories Bio-Beads® S-Xl beads (200-400 mesh). 
4 6 
Chapter 5 - Experimental Procedures 
5.2 Experimental Procedures 
[D2]-(NPhth) (29).31 Diisopropyl azadicarboxylate (DIAD) (1.5 mL，94%, 6.84 mmol) 
was added to a solution of [D2]-(CH20H)^^ (0.48 g，1.09 mmol), phthalimide (1.01 g， 
6.86 mmol) and triphenylphosphine (PPha) (1.80 g, 6.86 mmol) in THF (26 mL). The 
reaction mixture was stirred at 25 °C under nitrogen for 3 h. The mixture was then 
diluted with ether (50 mL) and filtered. The filtrate was concentrated under reduced 
pressure and purified by flash column chromatography (silica, hexane/EtOAc = 30/1) to 
get the target compound (0.49 g, 78 %) as a white solid, mp 49.5-50.6 Rf 0.52 
(hexane/EtOAc = 10/1). NMR: 5 0.78 (6 H, t, J = 6.8, CH3), 0.90-1.40 (52 H, m, 
CH2), 1.73-1.87 (1 H, m, CH), 3.48 (2 H, d,J= 7.2，CH2N), 7.55-7.61 (2 H，m，ArH), 
7.68-7.74 (2 H, m,ArH). 
[D2]~(NH2) (15).31 Hydrazine monohydrate (0.5 mL, 10.3 mmol) was added to a 
mixture of [D2]-(NPhth) (0.49 g, 0.86 mmol) in THF/EtOH (v/v = 1/1, 20 mL). The 
reaction mixture was refluxed for 12 h and concentrated under reduced pressure. The 
residue was dissolved in NaOH (40 mL, 1 M) and the solution was extracted with 
CH2CI2 (4 X 25 mL). The combined extract was washed with brine, dried (MgSCU) and 
evaporated in vacuo to give the target compound (0.38 g，100 %) as an off white solid. 
This compound was used in the subsequent reaction without further purification, mp 
50.0-52.3 °C. ^H NMR: 0.88 (6 H, t,J= 6.8，CH3), 1.14-1.36 (53 H, m, CH2 and CH), 
1.49 (2 H, bs，N//2)，2.61 (2 H，d，J= 4.8, CH2N). 
[Ll]-(COOH) (16).28 NaOH (46.1 g, 1.15 mol) pellets were added to a solution of 
L-lysine monohydrochloride (H-Lys-OH . HCl) (50.0 g, 274 mmol) in water (350 mL) 
4 7 
Chapter 5 - Experimental Procedures 
at 0 � C . A solution of di-^err-butyl dicarbonate (B0C2O) (130.6 g, 598 mmol) in THF 
(350 mL) was added. The reaction was then stirred at 25 °C for 12 h. Afterwards, the 
mixture was transferred to a separatory funnel and the THF layer was discarded. The 
aqueous layer was washed once with ether (300 mL), acidified to pH 3 with saturated 
KHSO4 and extracted with ether (4 x 200 mL). The combined extracts were washed 
with brine, dried (MgS04)，filtered and evaporated in vacuo to give the target compound 
(89.74 g，95%) as a white glass. Rf 0.48 (CHzCh/MeOH = 9/1). ^H NMR (CDCI3): 5 
1.27-1.63 (4 H, m, C//2), 1.45 (18 H，s，C(C/f3)3)，1.32-1.96 (2 H，m, CHi), 2.98-3.22 
(2 H，m, C//2N), 4.03-4.41 (1 H, m, CH), 4.66 (1 H, bs, N//)，5.26 (1 H, bs, N//)， 
5.84-6.41 (1 H, m, COOH). 
H-Lys-OMe • 2HC1 (17).^^ A mixture of H-Lys-OH . HCl (30.00 g, 164 mmol), 
2,2-dimethoxypropane (650 mL, 5.30 mol)，concentrated HCl (82 mL, 984 mmol) and 
methanol (20 mL) was refluxed for 2 h and stirred at 25 °C for 24 h. The mixture was 
concentrated in vacuo and the residue was dissolved in minimum amount of hot 
methanol. Addition of ether (500 mL) resulted in crystallization of the target compound. 
The compound was recrystallized from methanol/ether to give a white crystalline solid 
(38.22 g, 100%). mp 211.8-213.3 °C ( l i t? mp 203-205 °C). NMR (D2O): 5 
1.38-1.59 (2 H，m，CH2I 1.70 (2 H，quintet, C//2CH2N), 1.87-2.08 (2 H，m, CH2), 2.99 
(2 H, t, J= 8.0，CffzN), 3.32 (3 H, s, OC//3), 4.15(1 H, t , J = 6.8, CHN). 
[L2]-(COOMe) (18).^ ® Triethylamine (EtaN) (13.5 mL, 96.9 mmol) was added to a 
stirred mixture of L-lysine methyl ester dihydrochloride (H-Lys-OMe • 2HC1) (10.00 g, 
42.9 mmol) in EtOAc (350 mL). [LIHCOOH) (29.87 g, 86.2 mmol), 
l-hydroxybenzotriazole (HOBt) (11.60g, 85.9 mmol) and dicyclohexylcarbodiimide 
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(DCC) (17.83 g, 86.4 mmol) were added to the reaction mixture at 0 The mixture 
was allowed to warm and stirred at 25 °C under nitrogen for 24 h. The precipitate was 
filtered and discarded. The filtrate was then washed with saturated KHSO4, saturated 
NaHCOa, saturated KHSO4 and finally water. The solution was dried (MgS04), filtered 
and evaporated in vacuo to give the crude product as a slightly yellow solid. It was 
purified by flash column chromatography (silica, hexane/EtOAc/EtsN = 80/120/1 
gradient to 0/200/1) to give the target compound (30.30 g, 86%) as a white glass. Rf 
0.65 (EtOAc/EtsN = 200/1). ^HNMR: 5 1.25-1.88 (18 H, m, CH2), 1.43 and 1.44 (36 H， 
s, C(C//3)3)，2.98-3.08 (4 H, m，C^NBoc)，3.15-3.25 (2 H，m, C//2N), 3.71 (3 H, s， 
OC//3), 3.91-4.12 (2 H, m, C//N), 4.39 (1 H，dd, J= 9.2 and 4.8, CHN). 
[L2]-(COOH) (19).30 Aqueous NaOH solution (50 mL, 1.25 M, 62.5 mmol) was added 
to a solution of [L2]-(C00Me) (16.20 g, 19.8 mmol) in MeOH (500 mL) at 0 The 
solution was allowed to warm and stirred at 25 °C under nitrogen for 24 h. The solvent 
was evaporated in vacuo, water (300 mL) was added and the mixture was acidified to 
pH 3 with saturated KHSO4. The mixture was extracted with EtOAc (3 x 300 mL). The 
combined extracts were washed with water and brine, dried (MgS04), filtered and 
concentrated under reduced pressure to give a colorless, viscous liquid. To assist the 
removal of solvent, the liquid was dissolved in ether (150 mL). The solution was 
evaporated in vacuo and dried under high vacuum to give the target compound (15.97 g, 
100%) as a white glass. Rf 0.31 (CHaCWMeOH = 9/1). ^H NMR: 51.23-1.95 (18 H，m, 
CI/2X 1.43 and 1.45 (36 H, s，0(0/3)3), 3.03 (4 H，t，J= 6.8，C//2NB0C), 3.15-3.25 (2 H, 
m, C//2N), 3.834.11 (2 H, m, CHN), 4.35 (1 H, dd, J= 8.8 and 4.8, CHN). 
[L31-(COOMe) (20).^ ® Triethylamine (0.95 mL, 6.82 mmol) was added to a stirred 
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mixture of H-Lys-OMe . 2HC1 (0.73 g，3.13 mmol) in EtOAc (350 mL). [L2]-(C00H) 
(5.22 g, 6.50 mmol), HOBt (0.88 g, 6.51 mmol) and DCC (1.34 g, 6.49 mmol) were 
added to the reaction mixture at 0 °C. The mixture was allowed to warm and stirred at 
25 °C under nitrogen for 120 h. The precipitate was filtered off and washed with EtOAc. 
The remaining solid was extracted with CH2CI2 (200 mL) with the assistance of 
ultrasonic bath. The mixture was filtered and the filtrate was evaporated in vacuo to 
give the crude product. The product was purified by flash column chromatography 
(silica, EtOAc/EtsN = 200/1 then MeOH/EtsN = 200/1) to give the target compound 
(4.12 g, 76%) as a white glass. Rf 0.46 (CHiCVMeOH = 9/1). ^HNMR: 51.25-1.95 (42 
H, m，CH2), 1.43 and 1.44 (72 H, s, C(C//3)3)，3.03 (8 H, t, J= 6.8, C/fzNBoc), 
3.10-3.28 (6 H, m, C^N) , 3.66-3.75 (3 H, m, OCH3), 3.834.12 (4 H，m, CHN), 
4.22-4.46 (3 H, m, CHN). 
[L3]-(COOH) (21).30 Aqueous NaOH solution (19 mL, 1.25 M, 23.8 mmol) was added 
to a solution of [L3]—(COOMe) (4.12 g, 2.38 mmol) in MeOH (130 mL) at 0 °C. The 
solution was allowed to warm and stirred at 25 °C under nitrogen for 24 h. The solvent 
was evaporated in vacuo, water (75 mL) was added and the mixture was acidified to pH 
3 with saturated KHSO4. The mixture was extracted with EtOAc (4 x 100 mL). The 
combined extracts were washed with water and brine, dried (MgS04)，filtered and 
evaporated in vacuo to dryness. Ether (20 mL) was added and the solvent was 
evaporated in vacuo to give the target compound (2.84 g, 53%) as a white glass. Rf 0.31 
(CHzCyMeOH = 9/1). ^H NMR: 5 1.08-1.96 (42 H, m，CH2), 1.43 and 1.44 (72 H, s， 
C(C//3)3), 2.97-3.10 (8 H，m，C/ZiNBoc), 3.15-3.26 (6 H, m, C//2N)，3.81-4.13 (4 H, m， 
c m ) , 4.224.48 (3 H, m，Cf/N). 
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[G1]-[L2] (1). 1 -[3-(Dimethylamino)propyl]-3-ethylcarbodiimide methiodide (EDCI) 
(133 mg，447 ^imol) was added to a stirred solution of [G1]-{CH2NH2) (67.0 mg, 362 
Hmol), [L2]-(C00H) (241 mg, 300 ^imol) and HOBt (45 mg, 333 ^imol) in CH2CI2 (10 
mL). The mixture was stirred at 25 °C under nitrogen for 24 h. It was concentrated 
under reduced pressure and the residue was purified by flash column chromatography 
(silica, EtOAc/EtsN = 100/1) to obtain the target compound (293 mg, 100%) as a white 
glass. Rf 0.69 (EtOAc). (H NMR: 5 0.90 (12 H，dd，J= 6.8 and 0.4, C//3CH), 1.11-1.88 
(29 H, m)，1.43 (18 H, s, CC//3), 1.44 (9 H，s, CCH3), 1.45 (9 H, s，CCH3), 3.03 (4 H，dt， 
J= 2.4 and 6.8, C^NBoc)，3.07-3.27 (4 H, m, C//2N), 3.81-4.06 (2 H, m, CHNl 4.31 
(1 H, dd，J= 9.2 and 5.2, C//N). "C NMR: 6 23.1, 24.0，24.1，28.8, 28.9, 29.4, 29.8, 
30.3, 30.6, 32.8, 33.2，36.8, 36.9，39.5，39.9, 41.0，43.8, 54.4, 56.0, 56.2，79.7，80.4, 
80.5，157.7，157.9, 158.4, 173.9，175.0. HDMS (MALDI-TOF) calcd. for C50H95N7O11 
+ Na+: 992.6987, found: 992.6997. 
[G2]-[L2] (2). EDCI (128 mg，431 nmol) was added to a stirred solution of 
[G2]-(CH2NH2) (189 mg, 432 ^imol), [L2]-(C00H) (316 mg, 393 ^imol) and HOBt (59 
mg, 437 |xmol) in CH2CI2 (7 mL). The mixture was stirred at 25 °C under nitrogen for 
48 h. It was concentrated under reduced pressure and the residue was purified by flash 
column chromatography (silica, hexane/EtOAc/EtsN = 100/200/3 gradient to 0/100/1) 
to afford the target compound (326 mg, 68%) as a white glass. Rf 0.45 (hexane/EtOAc = 
1/2). 1h NMR: 5 0.90 (24 H, d , J = 6.4, CH3CUI 1.08-1.88 (53 H, m)，1.435 (18 H, s, 
CC//3), 1.444 (9 H, s，CC/fa), 1.45 (9 H, s, CC场)，3.04 (4 H, dt, J= 2.8 and 6.8, 
C//2NB0C), 3.10-3.25 (4 H, m，C历N)，3.90-4.06 (2 H, m, C//N), 4.30 (1 H，dd, J= 9.2 
and 5.2, C//N). '^C NMR: 6 23.3, 24.0, 24.1, 24.5，24.6, 28.9, 29.5, 29.8, 30.5，32.3’ 
32.4, 32.6’ 32.8, 33.2, 35.1, 37.0’ 37.1，38.8, 38.9, 39.9, 40.89，40.94，44.0，54.4’ 56.0, 
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56.2, 79.6, 80.4，80.5，157.6, 157.9, 158.3, 173.9, 175.0. HRMS (MALDI-TOF) calcd. 
for C68H131N7O11 + Na+: 1244.9804, found: 1244.9800. 
[G3]-[L2] (3). EDCI (77 mg, 259 ^imol) was added to a stirred solution of 
[G3]-(CH2NH2) (101 mg, 107 \imoV), [L2]-(C00H) (81 mg, 101 ^imol) and HOBt (36 
mg, 267 ^imol) in CH2CI2 (7 mL). The mixture was stirred at 2 5 � C under nitrogen for 
48 h. It was concentrated under reduced pressure and the residue was purified by flash 
column chromatography (silica, CHzCla/MeOH/EtsN = 90/10/1) to yield the target 
compound (164 mg, 94%) as a white glass. Rf 0.53 (CHzCb/MeOH/EtsN = 90/10/1). ^H 
NMR: 6 0.91 (48 H, d , J = 6.4, C^CH)，1.09-1.91 (101 H, m), 1.44 (18 H，s, CC//3), 
1.45 (9 H, s，CCH3), 1.46 (9 H, s, CCH3), 2.89-3.26 (8 H, m, C/fzN), 3.82-4.11 (2 H, m, 
CHN), 4 . 2 5 4 . 3 7 (1 H，m, CHN). " C N M R : 5 23.3, 24.2，24.8, 28.86, 28.92, 29.6, 29.9, 
30.6, 32.5, 32.9, 33.0, 33.3, 35.3, 35.5, 37.3，38.4, 39.0，40.0, 41.1, 44.3，54.6, 56.2, 
56.4, 79.9, 80.8，157.8，158.1, 158.5, 174.0, 175.1. HDMS (MALDI-TOF) calcd. for 
C104H203N7O11 +Na+: 1750.5472, found: 1750.5474. 
[D2]-[L2] (11). EDCI (229 mg, 770 ^imol) was added to a stirred solution of 
[D2]-(CH2NH2) (164 mg, 374 ^imol), [L2]-(C00H) (287 mg, 357 ^imol) and HOBt (51 
mg, 378 jimol) in CH2CI2 (12 mL). The mixture was stirred at 25 °C under nitrogen for 
5 h. It was concentrated under reduced pressure and the residue was purified by flash 
column chromatography (silica, CHiCli/MeOH/EtaN = 90/10/1) to give the target 
compound (420 mg, 96%) as a white glass. Rf 0.51 (CHzCh/MeOH/EtsN = 90/10/1). ^H 
NMR (CDCI3): 6 0.90 (6 H, t,J= 7.2’ C^CHz)，1.17-1.39 (53 H, m), 1.39-1.94 (18 H, 
m), 1.435 (9 H, s，CCH3), 1.444 (9 H, s, CCH3), 1.45 (18 H，s, CCH3I 2.95-3.11 (6 H, 
m, C//2N), 3.11-3.25 (2 H, m, C历N), 3.83-^.08 (2 H, m，C//N), 4.23-4.37 (1 H, m, 
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cm). 13c NMR (CDCI3): 5 14.7, 23.8, 24.1, 27.5, 28.9, 29.8，30.5, 30.8，31.1, 32.5， 
32.7, 33.1，33.2, 39.0, 39.9，40.9，43.7, 54.3，55.9，56.1, 79.5’ 80.3, 80.4，157.5，157.8,‘ 
158.2, 173.8，174.9. HDMS (MALDI-TOF) calcd. for CegHoiNvOu + Na+: 1244.9804， 
found: 1244.9816. 
[G1]-[L3] (4). EDCI (133 mg, 448 |imol) was added to a stirred solution of 
[G1]-(CH2NH2) (68 mg, 367 ^imol), [L3]-(C00H) (519 mg, 302 |imol) and HOBt (48 
mg, 355 [imol) in CH2CI2 (10 mL). The mixture was stirred at 25 °C under nitrogen for 
24 h. It was concentrated under reduced pressure and the residue was purified by flash 
column chromatography (silica, EtOAc/EtaN = 100/1) to obtain the target compound 
(312 mg, 54%) as a white glass. Rf 0.50 (CHiClz/MeOH = 9/1). ^H NMR: 6 0.90 (12 H， 
d , J = 6.8, CH3CH), 1.07-1.89 (53 H, m), 1.43 (27 H, s, CCH3), 1.44 (27 H, s, CCH3), 
1.45 (18 H，s，CCH3), 3.03 (8 H, t, J= 6.8, C/^zNBoc)，3.07—3.28 (8 H, m, C ^ N ) , 
3.82-4.12 (4 H，m, CHN), 4.14-4.41 (3 H, m, C//N). ^^ C NMR: 5 23.2，24.2,26.0，26.7， 
28.9，29.5, 29.8, 30.3, 30.6, 32.3, 32.6, 32.8, 33.2，34.7, 36.9，39.5, 40.0，41.0，42.3, 
43.8，54.5，54.7, 56.1，56.5, 79.7，80.5, 80.56, 80.63, 157.7，158.0, 158.4，173.9, 174.0, 
175.1, 175.5, 175.6. HDMS (MALDI-TOF) calcd. for C94H175N15O23 + Na+: 1906.2917, 
found: 1906.2952. 
[G2]-[L3] (5). EDCI (26 mg, 87.4 |imol) was added to a stirred solution of 
[G2]-(CH2NH2) (40 mg, 91.4 ^imol), [L3]-(C00H) (141 mg, 82.1 \imo\) and HOBt (15 
mg. 111 jimol) in CH2CI2 (12 mL). The mixture was stirred at 25 °C under nitrogen for 
24 h. It was concentrated under reduced pressure and the residue was purified by flash 
column chromatography (silica, EtOAc/EtsN = 100/1) to afford the target compound 
(149 mg, 85%) as a white glass. Rf 0.58 (EtOAc).�H NMR: 5 0.90 (24 H, d,J= 6.4, 
C//3CH)，1.09-1.88 (77 H, m), 1.435 (27 H，s, CCH3), 1.44 (27 H，s, CCH3), 1.45 (18 H, 
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s，CC历)，3.03 (8 H，t, J= 6.8，C//2NB0C), 3.08-3.28 (8 H，m, C^N) , 3.83-4.10 (4 H, 
m, C//N), 4.15-4.37 (3 H, m, CHN). "C NMR: 5 23.3, 24.2, 24.5, 24.6, 28.9, 29.6, 29.8, 
30.6，32.3, 32.4，32.8，33.3, 35.1，37.1, 38.8, 38.9, 40.0, 41.0，42.3, 44.1, 54.5, 54.7， 
56.1, 56.5, 79.8, 80.5, 157.7, 158.0，158.5，173.9, 174.0, 175.1, 175.6. HDMS 
(MALDI-TOF) calcd. for C112H211N15O23 +Na+: 2158.5734, found: 2158.5686. 
[G3]-[L3] (6). EDCI (60 mg, 202 ^imol) was added to a stirred solution of 
[G3]-(CH2NH2) (97 mg, 103 ^mol), [L3]-(C00H) (189 mg, 110 ^imol) and HOBt (27 
mg, 200 \imo\) in CH2CI2 (20 mL). The mixture was stirred at 2 5 � C under nitrogen for 
48 h. It was concentrated under reduced pressure and the residue was purified by flash 
column chromatography (silica, CHaClz/MeOH/EtsN = 90/10/1) to yield the target 
compound (242 mg, 89%) as a white glass. Rf 0.50 (CHzCla/MeOH = 9/1). ^H NMR: 5 
0.90 (48 H, d, J= 6.4, C//3CH), 1.10—1.89 (125 H，m)，1.44 (27 H, s, CCH3), 1.445 (27 
H, s，CCH3I 1.454 (18 H，s, CCH3), 3.03 (8 H，t, J= 6.8，C//2NB0C), 3.08-3.25 (8 H, m, 
C//2N), 3.84-4.11 (4 H, m, CHN), 4.174.37 (3 H, m，Cm). ^^ C NMR: 6 23.4，24.2, 
24.8，26.0, 26.8, 28.9，29.6, 29.9，30.6, 32.5, 32.9, 33.3, 34.7, 35.3, 35.6，37.3，38.4， 
39.0，40.1, 41.1，44.3, 54.6，56.2，79.9, 80.6，157.7，158.1，158.5，173.9, 174.1，175.1， 
175.5. HDMS (MALDI-TOF) calcd. for C148H283N15O23 + Na+: 2663.1368，found: 
2663.1409. 
[G1]-[L4] (7). [G1]-[L2] (105 mg, 108 ^imol) was dissolved in CH2CI2 (3 mL). 
Trifluoroacetic acid (TFA) (0.5 mL, 6.73 mmol) was then added and the reaction 
mixture was stirred at 25 °C for 2 h. The solution was evaporated in vacuo and dried 
under high vacuum for 2 h. EtOAc (25 mL) and EtsN (125 |iL, 897 nmol) were added to 
the reaction vessel. [L2]-{C00H) (377 mg, 469 \imo\), HOBt (65 mg, 481 ^imol) and 
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DCC (103 mg, 499 [imoY) were added after the reaction mixture was cooled to 0 °C. The 
mixture was allowed to warm and stirred at 25 °C under nitrogen for 192 h. It was 
concentrated under reduced pressure and the residue was purified by size-exclusion 
chromatography (Biobeads, CHaCb/MeOH = 9/1) to afford the target compound (319 
mg, 80%) as a white glass. Rf 0.36 (CHzCyMeOH 二 9/1). ^H NMR: 5 0.90 (12 H，d, J 
=6.4, C//3CH), 1.10-1.88 (101 H, m)，1.43 (63 H，s, CC/Zs)，1.44 (81 H, s，CC//3), 3.03 
(16 H, t, J= 6.8, C//2NB0C), 3.10-3.27 (16 H, m, C//2N), 3.82-4.15 (8 H, m，Ci^N), 
4.214.46 (7 H，m, CHN). ^^ C NMR: 6 23.2, 24.1，24.2, 28.9, 29.5, 29.9，30.3, 30.6, 
32.4, 32.7，32.9, 33.3, 36.87，36.92, 39.5, 40.0, 41.0，42.3, 43.9, 54.6，54.7, 56.1, 79.8， 
80.6, 80.7，157.8, 158.1，158.5, 174.0，174.1, 174.5, 175.2, 175.7. HDMS 
(MALDI-TOF) calcd. for C182H335N31O47 + Na+: 3732.4741, found: 3732.4753. 
[G2]-[L4] (8). [G2]-[L2] (62 mg, 50.7 |xmol) was dissolved in CH2CI2 (4 mL). TFA 
(0.5 mL, 6.73 mmol) was then added and the reaction mixture was stirred at 2 5 � C for 2 
h. The solution was evaporated in vacuo and dried under high vacuum for 2 h. EtOAc 
(25 mL) and EtsN (60 |iL，430 jimol) were added to the reaction vessel. [L2]-(C00H) 
(175 mg, 218 \imo\), HOBt (37 mg, 274 \imo\) and DCC (65.7 mg, 319 \imo\) were 
added after the reaction mixture was cooled to 0 °C. The mixture was allowed to warm 
and stirred at 25 °C under nitrogen for 192 h. It was concentrated under reduced 
pressure and the residue was purified by size-exclusion chromatography (Biobeads, 
CHiCyMeOH = 9/1) to afford the target compound (119 mg, 59%) as a white glass. Rf 
0.44 (CHsCVMeOH = 9/1). ^H NMR: 5 0.90 (24 H, d, J = 6.4, C^CH), 1.10-1.88 
(125 H, m), 1.44 (63 H，s, CCH3I 1.45 (81 H，s, CC场)，3.03 (16 H, t, J= 6.8, 
C//2NB0C), 3.10-3.27 (16 H，m, C^N)，3.824.15 (8 H，m，CHN), 4.214.46 (7 H，m, 
CHN). 13c NMR: 5 23.26，23.28, 24.0, 24.2, 24.4, 24.5, 28.9，29.6, 29.9，30.6, 32.28, 
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32.35, 32.7, 32.9，33.2, 35.1, 37.0，37.1，38.9, 40.0, 41.0，41.1，42.3, 44.1, 54.5，54.7, 
54.8, 56.1，79.8，80.5, 80.6, 157.7, 158.0, 158.4, 173.9, 174.1, 174.5, 175.1, 175.5. 
HDMS (MALDI-TOF) calcd. for C200H371N31O47 + Na+: 3984.7558, found: 3984.7380. 
[G3]-[L4] (9). [G3]-[L2] (56 mg, 32.4 ^imol) was dissolved in CH2CI2 (3 mL). TFA 
(0.5 mL, 6.73 mmol) was then added and the reaction mixture was stirred at 25 °C for 2 
h. The solution was evaporated in vacuo and dried under high vacuum for 2 h. EtOAc 
(50 mL) and EtsN (40 pL, 287 nmol) were added to the reaction vessel. [L2]-(C00H) 
(112 mg, 139 iimol), HOBt (21 mg, 155 jimol) and DCC (81 mg，393 \imo\) were added 
after the reaction mixture was cooled to 0 °C. The mixture was allowed to warm and 
stirred at 25 °C under nitrogen for 216 h. It was concentrated under reduced pressure 
and the residue was purified by size-exclusion chromatography (Biobeads, 
CH2Cl2/MeOH = 9/1) to afford the target compound (103 mg, 71%) as a white glass. Rf 
0.32 (CHzCb/MeOH 二 9/1). NMR: 5 0.91 (48 H, d, J = 6.4, C^CH), 1.10-1.87 
(173 H，m)，1.44 (63 H, s, CCH3), 1.45 (81 H, s, CC场)，3.03 (16 H，t，J= 6.8, 
C//2NBoc), 3.10-3.26 (16 H, m，C//2N), 3.91-4.17 (8 H, m, CHN), 4.21-4.44 (7 H, m， 
c m ) . 13c NMR: 6 23.4，24.0, 24.2, 24.5, 24.6, 28.9, 29.6, 29.9, 30.6，32.4, 32.7, 32.9， 
33.3, 35.1, 35.2, 35.4，37.1, 38.2，38.9, 40.0, 41.0，42.4, 44.2，54.5, 54.7，56.1, 79.7, 
80.5，80.6，157.7, 158.0, 158.4, 173.9，174.1, 174.4，175.1, 175.5. HDMS 
(MALDI-TOF) calcd. for C236H443N31O47 + Na+: 4489.3192, found: 4489.3219. 
[D2�一[L4�(10). [D2]-[L2] (146 mg, 119 ^imol) was dissolved in CH2CI2 (3 mL). TFA 
(0.5 mL, 6.73 mmol) was then added and the reaction mixture was stirred at 2 5 � C for 2 
h. The solution was evaporated in vacuo and dried under high vacuum for 2 h. EtOAc 
(30 mL) and EtaN (150 1.08 mmol) were added to the reaction vessel. [L2]-(C00H) 
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(413 mg, 514 ^imol), HOBt (78 mg, 577 ^mol) and DCC (227 mg，1.10 mmol) were 
added after the reaction mixture was cooled to 0 The mixture was allowed to warm 
and stirred at 25 °C under nitrogen for 48 h. It was concentrated under reduced pressure 
and the residue was purified by size-exclusion chromatography (Biobeads, 
CEbCb/MeOH = 9/1) to afford the target compound (266 mg, 56%) as a white glass. Rf 
0.43 (CHzCVMeOH = 9/1). NMR: 5 0.90 (6 H, t , J = 6.8, C//3CH2), 1.25-1.32 (53 
H, m，C//2), 1.32-1.91 (90 H, m), 1.44 (63 H, s, CCN3), 1.45 (81 H, s，CCN3), 3.03 (16 
H, t，J 二 6.8, CT/iNBoc), 3.09-3.27 (16 H, m，C//2N), 3.83-4.12 (8 H, m, CNN), 
4.18-4.43 (7 H，m，CBN). ^^ C NMR: 5 14.5, 23.7, 24.0, 24.2, 27.46, 27.55, 28.9，29.6, 
29.9, 30.5，30.6, 30.70, 30.73, 30.76, 30.80，31.0, 32.5, 32.7, 32.9，33.1, 33.3, 38.9, 40.0， 
41.0, 42.3，43.8, 54.5, 54.7, 54.8, 56.1, 79.7, 80.5, 80.6, 157.7，158.0, 158.4, 173.9, 
174.0, 174.4，175.1, 175.4, 175.6. HDMS (MALDI-TOF) calcd. for C 2 0 0 H 3 7 1 N 3 1 O 4 7 + 
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7. 1h NMR spectrum of [L3]-(C00Me) 20 68 
8. NMR spectrum of [L3]-(C00H) 21 69 
9. NMR spectrum of [G1]-[L2] 1 70 
10. 13c NMR spectrum of [G1HL2] 1 71 
11. ^H NMR spectrum of [G2]-[L2] 2 72 
12. '^C NMR spectrum of [G2]-[L2] 2 73 
13. ^H NMR spectrum of [G3]-[L2] 3 74 
14. '^C NMR spectrum of [G3]-[L2] 3 75 
15. ^H NMR spectrum of [D2]-[L2] 11 76 
16. ^^ C NMR spectrum of [D2]-[L2] 11 77 
17. 1h NMR spectrum of [G1]-[L3] 4 78 
* 
18. 13c NMR spectrum of [G1]-[L3] 4 79 
19. NMR spectrum of [G2]-[L3] 5 80 
20. '^C NMR spectrum of [G2]-[L3] 5 81 
21. NMR spectrum of [G3]-[L3] 6 82 
22. '^C NMR spectrum of [G3]-[L3] 6 83 
23. ^H NMR spectrum of [G1]-[L4] 7 84 
6 0 
Appendix 
24. 13c NMR spectrum of [G1]-[L4] 7 85 
25. ^H NMR spectrum of [G2]-[L4] 8 86 
26. ^^ C NMR spectrum of [G2]-[L4] 8 87 
27. ^H NMR spectrum of [G3]-[L4] 9 88 
28. ^^ C NMR spectrum of [G3]-[L4] 9 89 
29. NMR spectrum of [D2]-[L4] 10 90 
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